Previous studies in budding yeast identified Mob1p as a protein that interacts with the Dbf2p kinase [2]. The S. pombe Sid2p kinase, a Dbf2p homolog, localizes to the SPB and cell-division site, and functions downstream in a newly identified signaling pathway termed the sid pathway, which is required for the initiation of cytokinesis [3] . Upstream components of this pathway, such as the Spg1p GTPase, the Cdc7p and Sid1p kinases, as well as Cdc14p, localize to one or both SPBs [4,5], but not to the cell-division site, suggesting that Sid2p transmits the signal to divide from the SPB to the cell-division site. In this study, we sought to determine whether Sid2p also interacts with a Mob1p-like protein. Examination of the S. pombe genome sequence data in the Sanger Center database revealed two predicted open reading frames related to Mob1p. We termed the most related protein Mob1p (GenBank accession number CAA22288), and the second protein Mob2p (CAA20697.1) on the basis of its higher similarity to the non-essential S. cerevisiae Mob2p protein.
Previous studies in budding yeast identified Mob1p as a protein that interacts with the Dbf2p kinase [2] . The S. pombe Sid2p kinase, a Dbf2p homolog, localizes to the SPB and cell-division site, and functions downstream in a newly identified signaling pathway termed the sid pathway, which is required for the initiation of cytokinesis [3] . Upstream components of this pathway, such as the Spg1p GTPase, the Cdc7p and Sid1p kinases, as well as Cdc14p, localize to one or both SPBs [4, 5] , but not to the cell-division site, suggesting that Sid2p transmits the signal to divide from the SPB to the cell-division site. In this study, we sought to determine whether Sid2p also interacts with a Mob1p-like protein. Examination of the S. pombe genome sequence data in the Sanger Center database revealed two predicted open reading frames related to Mob1p. We termed the most related protein Mob1p (GenBank accession number CAA22288), and the second protein Mob2p (CAA20697.1) on the basis of its higher similarity to the non-essential S. cerevisiae Mob2p protein.
The characterization of Mob2p will be described elsewhere. See Supplementary material for a sequence alignment of Mob1p with related proteins.
Figure 1
Mob1p and Sid2p associate in vivo. (a) The vector pGAD424 [8] expressing the GAL4-activation domain alone (AD) or fused to mob1 + or STE4 [9] , was cotransformed with vector pBTM116 [8] expressing the lexA DNA-binding domain fused to sid2 + or AKR1 [9] into S. cerevisiae strain L40 [10] in the combinations shown. Protein-protein interactions were detected by assaying the ability of cells to grow in the absence of histidine (his). (b) Lysates were prepared from cells expressing either Sid2-13Myc, GFP-Mob1p or both. Each lysate was split in two, and immunoprecipitations were performed using either anti-Myc or anti-GFP antibodies. These immune complexes were then analyzed by western blotting using anti-Myc antibodies. (c) Wild-type cells, or cells expressing 13Myc-Mob1p in a wild-type genetic background, or in a sid2-250 or mph1::ura4 + genetic background, were grown at 25°C then shifted to 36°C for 3 h. Lysates were prepared and immunoprecipitations were performed using anti-Myc antibodies. Kinase assays were then performed on the immune complexes using MBP as an artificial substrate as previously described [3] (upper panel). Western blotting showed that equal amounts of 13Myc-Mob1p were present in each sample (lower panel). Phenotype of a mob1-1 temperature-sensitive mutant. Mutant mob1-1 cells growing exponentially at 25°C were shifted to 36°C for (a,b) 4 h, or (c-g) 2.5 h then fixed and stained as previously described [11] . Cells shifted to 36°C for 4 h were stained with (a) DAPI to stain DNA, or (b) calcofluor to stain cell wall and septa. One portion of the culture shifted to 36°C for 2.5 h was stained with (c) antiCdc4p antibodies, (d) anti-actin antibodies and (e) DAPI. A second portion was stained with (f) anti-tubulin antibodies and (g) DAPI.
The arrows in ( detected in Sid2p immune complexes (data not shown). Unlike in S. cerevisiae, overexpression of mob1 or sid2 did not rescue mutations in the other gene (data not shown).
We next asked whether Sid2p-dependent kinase activity could be detected in Mob1p immune complexes. Kinase assays were performed on 13Myc-Mob1p immune complexes prepared from wild-type and sid2-250 temperaturesensitive mutant strains after incubation at 36°C. Kinase activity was associated with 13Myc-Mob1p prepared from wild-type cells, but Mob1p-associated kinase activity was reduced in sid2-250 cells (Figure 1c) . Because S. cerevisiae Mob1p interacts with the Mps1p kinase [1] , we assayed Mob1p-associated kinase activity in a strain in which the S. pombe Mps1p homolog Mph1 [6] was deleted ( Figure 1c) . No reduction in Mob1p-associated kinase activity was observed in mph1∆ cells, suggesting that Mob1-associated kinase activity is probably due to Sid2p.
To examine the function of Mob1p in vivo, we deleted the mob1 gene (see Supplementary material) and found that it was essential for growth. We next constructed a strain bearing a temperature-sensitive allele of mob1 (mob1-1) by changing Ile55 and Ala56 to proline and isoleucine, respectively (see Supplementary materials). The mob1-1 strain contained the mob1 temperature-sensitive allele on the chromosome and on a plasmid as it did not appear to be functional in single copy. After shifting to the restrictive temperature, mob1-1 cells failed to perform cytokinesis, became multinucleate, and did not form septa (Figure 2a-b) . Staining for the myosin light chain Cdc4p and actin revealed mob1-1 cells formed normal actomyosin rings and medially placed patches (Figure 2c-e) . Actin patches were also observed at the growing ends(s) of cells ( Figure 2d ). Examination of microtubules showed that mob1-1 cells form normal mitotic spindles (Figure 2f,g ), and interphase arrays of microtubules. Thus, unlike S. cerevisiae mob1 mutants, S. pombe mob1 mutants do not have defects in mitotic exit, but are specifically defective in cytokinesis. This phenotype is identical to that previously described for sid2 mutants [7] . Furthermore, the cytokinesis defect in mob1-1 cells does not seem to be due to defects in the actin or microtubule cytoskeletons. Germinating mob1 null spores had an identical phenotype (see below).
Mob1p localization was examined using a strain with a single copy of the mob1 gene tagged with GFP at its chromosomal locus. In interphase cells, a single faint spot of GFP fluorescence was observed at the periphery of the nucleus (Figure 3a ,f) whereas two much brighter spots were seen in mitotic cells (Figure 3b-e,g-j) . At the end of anaphase, Mob1p appeared as a band in the medial region as well as two nuclear-associated dots (Figure 3d,i) . The medial band of Mob1p disappeared once septum formation was complete, but before cell separation (Figure 3e,j) . To examine the relative timing of septum formation and medial Mob1p localization, cells expressing GFP-Mob1p were stained with calcofluor, which stains the septum. Out
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Figure 4
Dependencies of 50 random cells displaying medial GFP-Mob1p signal, 46 showed calcofluor staining, 42 of which had not completed septum formation (Figure 3k ). However, out of 47 random cells displaying calcofluor staining, only 27 showed a medial GFP-Mob1p signal, and the 20 cells without a medial GFP-Mob1p signal had fully formed septa (Figure 3l ). These results are consistent with Mob1p localizing to the cell division site at, or just before, the initiation of septum formation, and then leaving the division site before cell separation. The nuclear-associated spotlike localization of Mob1p suggested that it was a component of the SPB. To confirm SPB localization, we fixed and stained cells expressing GFP-Mob1p with an antitubulin antibody. GFP-Mob1p was localized at the ends of the mitotic spindle in cells undergoing mitosis, consistent with its localization to the SPB (Figure 3m ). Like Sid2p, the localization of Mob1p to the SPB did not depend on microtubules (Figure 4e ), although Mob1p localization to the cell-division site did depend on the actomyosin ring component Cdc15p (Figure 4d) . Thus, the pattern of Mob1p localization is extremely similar to that of Sid2p [3] . One difference between Sid2p and Mob1p localization is that Mob1p localization to the SPB is faint during interphase whereas Sid2p levels at the SPB do not appear to vary. The medial GFP-Mob1p signal was also fainter than that of Sid2p-GFP, and seemed to leave the medial region earlier than Sid2p-GFP.
We next examined whether Mob1p localization depended on any of the other components of the sid signaling pathway. In all of the sid mutants, sid1, sid2, spg1, sid4 cdc7, cdc11 and cdc14, GFP-Mob1p could not localize to the medial region (Figure 4a -c and data not shown). GFP-Mob1p localization to the SPB was unaffected in sid1, sid2, spg1 and cdc14 mutants (Figure 4a and data not shown), but was severely affected in sid4, cdc7 and cdc11 mutants. In cdc7 and cdc11 mutants, GFP-Mob1p was only faintly visible at the SPB in about 30% of cells (Figure 4b and data not shown), and sid4 mutants were almost completely unable to localize GFP-Mob1p, with only 4% of cells showing faint GFP-Mob1p at the SPB (Figure 4c) . In all cases, the Mob1p localization pattern was examined in at least 200 cells. These results support the model that Mob1p, like Sid2p, functions downstream in the sid pathway. Consistent with this hypothesis, we found that Cdc7p localizes normally to the SPB in a mob1-1 temperature-sensitive mutant (Figure 4f ). In addition, it appears that Sid2p is essential for Mob1p to localize to the medial region but not to the SPB. Conversely, examination of Sid2p localization in germinating spores carrying the mob1 null allele showed that Mob1p is required for Sid2p localization to the SPB and the division site (Fig 4g-h) . The poor localization of Mob1p to the SPB in cdc7, cdc11, and sid4 mutants suggests that the products of these genes might play a role in loading Mob1p onto the SPB in mitosis, which in turn is required for Sid2p localization to the SPB.
We have shown that Mob1p functions with Sid2p to transmit a signal to initiate cell division. Mob1p is required for Sid2p localization to the SPB. It will be important to determine whether Mob1p is also required for other aspects of Sid2 function. The function of Mob1p in S. pombe appears somewhat different from its S. cerevisiae homolog. Although budding yeast mob1 mutants do not undergo cytokinesis [1] , it is unclear whether this is a direct effect or a consequence of a defect in exiting mitosis. Conversely, S. pombe mob1 mutants are defective in cytokinesis, but are not defective in exiting mitosis. However, in both fission and budding yeast, Mob1p associates with a related protein kinase (Sid2p/Dbf2p) and is essential for late mitotic events. It will be interesting to determine which Mob1p functions are conserved in other organisms.
Supplementary material
Supplementary material including methods for strain construction, a table comparing S. pombe sid genes to their S. cerevisiae homologs, and a sequence alignment comparing Mob1p to related proteins is available at http://current-biology.com/supmat/supmatin.htm.
